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The structure and magnetic hysteresis properties of the cast Sm1exZrx(Fe0.92Ti0.08)10 (x ¼ 0e0.3) alloys
and melt-spun ribbons prepared from them were studied. In the cast alloy with x > 0.2, a considerable
amount of the eutectic phase is found in the SEM micrographs. Analysis of the temperature dependences
of the magnetic susceptibility and XRD patterns allows amorphous state in the as-spun ribbons with
x > 0.2 to be determined. The specific magnetization measured in a field of 17 kOe and remanence
decrease with increasing annealing temperature from 800 to 900 C and weakly depend on Zr con-
centration. The maximal value of coercivity Нс ¼ 4.7 kOe is obtained on the ribbons with х ¼ 0.2 after
annealing at 850С for 10 min. After additional hydrogenation of the ribbons, both the coercivity and
remanence increase by 54% and 7%, respectively.
© 2019 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.1. Introduction
Compounds with the stoichiometry RFe12 (R is a rare-earth
element) and the tetragonal ThMn12 type structure (hereafter,
1:12) attract attention as potential hard magnetic materials with
low R content.1e9 However, for the entire series of lanthanide ele-
ments, binary RFe12 bulk alloys with ThMn12 type structure are
impossible to synthesize. To this end, it is necessary to substitute Fe
by stabilizing elements M. Ternary compounds RFe12exMx exist for
М ¼ Al, Si, Ti, V, Cr, Nb, Mo, and W.1e4 Si atoms substitute for Fe
atoms in the tetragonal crystal lattice of the ThMn12 type (space
group P4/mmm) structure at sites 8f (75%) and 8j10 contrary to the
other stabilizing atoms (Ti, Mo, etc.) which occupy only 8i sites11e13
The concentration region of x in which the RFe12exMx phase is
stable depends on M.6 With increasing х, substitution of the sta-
bilizing element M for Fe decreases the saturation magnetizationSTI Framework Program for
RICS (51761145026) and the
ce of the Russian Federation
etal Physics of Ural Branch of
katerinburg, 620990, Russia.
ov).
blished by Elsevier B.V. All rights r4pMs of the RFe12exMx compounds.14,15 However, the ThMn12
structure remains unstable for x less than a certain critical value.16
Nowadays, Ti is known to be the best alloying element for the
stabilization of the ThMn12 structure, since it requires the minimal
content x z 15. It has been announced that the anisotropy field Ha
and the Curie temperature ТС of the SmFe11Ti compound are
198 kOe and 314 С, respectively.7 However, the SmFe11Ti com-
pound did not receive much attention, since 4pMs was 12.7 kG at
room temperature,7 which is significantly lower than 16 kG for
Nd2Fe14B. Ding et al.17 studied the hysteresis properties of the
SmFe11.75Ti1.04 ribbons prepared by spinning. After annealing at
800 C, the values of coercivity Hc and specific remanence sr were
5.8 kOe and 56.2 emu/g, respectively. With increasing annealing
temperature up to 900С, a decrease of Hc and an increase of sr
were observed. Authors explained such behavior of the magnetic
characteristics by the occurrence of an additional a-Fe phase.
Du et al. studied the effect of substitution of Zr for Mo on the
structure and magnetic properties of a series of NdFe10.5Mo1.5exZrx
compounds.18 As a result, it has been found that Zr atoms substitute
Nd atoms at 2a sites rather than Mo atoms at 8i sites. Recently,
Suzuki et al.,19 Kunoet al.20 and Tozman et al.21 have shown that the
tetragonal structure of the ThMn12 type can develop in the
Sm(Fe,Co,Ti)12 alloys at the low content of titanium (х ¼ 0.5), if toeserved.
Table 1
Chemical composition of the cast (Sm1exZrx)(Fe0.92Ti0.08)10 alloys according to SEM/
EDX.
x (Zr) Phase Label in Fig. 1 Chemical composition fromEDX
0 1:12 A Sm(Fe0.92Ti0.08)11.2
Fe2þdTi B Fe2.6Ti
Sm(Fe,Ti)z C Sm(Fe0.93Ti0.07)7.6
0.1 1:12 A (Sm0.91Zr0.09)(Fe0.92Ti0.08)10.7
Fe2þd(Ti,Zr) B Fe2.9(Ti0.75Zr0.25)
(Sm,Zr)(Fe,Ti)z C (Sm0.79Zr0.21)(Fe0.88Ti0.12)4.6
0.2 1:12 A (Sm0.84Zr0.16)(Fe0.93Ti0.07)9.9
eutectic D (Sm0.63Zr0.37)(Fe0.90Ti0.10)12.6
0.3 1:12 A (Sm0.77Zr0.23)(Fe0.93Ti0.07)9.7
eutectic D (Sm0.63Zr0.37)(Fe0.90Ti0.10)13.0
a-Fe E e
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such alloys are found to be highly attractive (4pMs ¼ 15.3 kG,
Ha ¼ 84 kOe, and TC ¼ 557 С). The magnets made from these alloys
would show high thermal stability of hysteresis properties
compared with Nd-Fe-B based magnets.
It is known that after hydrogenation of RFe11Ti alloys, the
ThMn12 crystal lattice is retained and the unit-cell volume increases
by about 1%.22,23 From the analysis of neutron diffraction data,24,25
it has been derived that the H atoms partially fill up the interstitial
2b sites. The 2b sites are formed by two rare earth atoms and four
iron atoms at site 8j. The increase of interatomic spacings of FeeFe
results in enhanced exchange interactions between iron atoms and
growth of the Curie temperature Tc and magnetic moment at Fe
atom.23 Bringing H atoms into close contact with the rare-earth
atoms in SmTiFe11Hx leads to drastic changes in the rare-earth
sublattice anisotropy. According to literature,22,23,26 the anisot-
ropy field after hydrogenation can be increased by 20%.
The formation of the nanocrystalline ThMn12 structure can
enhance magnetic hysteresis properties of the alloys. Therefore, in
this work, we studied magnetic and crystallographic properties of
the (SmZr)-Fe-Ti alloys, melt-spun ribbons and their hydrides.
2. Experimental
The Sm1-xZrx(Fe0.92Ti0.08)10 alloys with x ¼ 0e0.3 were prepared
by inductionmelting of puremetals (no less than 99.9% in purity) in
alumina crucibles in the argon atmosphere. In order to compensate
for material interaction with the crucible in the course of melting,
5 wt% of excessive Sm was added. The ribbons were prepared by
melt spinning on the copper wheel rotating at the velocity
Vs ¼ 30 m/s. The ribbons were annealed at the temperatures of
750e900 C in the argon atmosphere. In order to enhance coer-
civity Нс, some annealed ribbons were subjected to hydrogenation
at 200С for 5 h. XRD investigations were performed using a
multifunctional Empyrean (PANanalytical) diffractometer with
monochromated Cu Ka radiation. Diffraction patterns were
analyzedwith the software “Powder cell” and “HighScore Plus”. The
average grain size of the nanocrystalline phase was determined
according to the broadening of their diffraction peaks, employing
the Williamson-Hall method.27 Temperature dependences of the
magnetic susceptibility c(T) were measured in ac magnetic field
with an amplitude of 4 Oe and frequency of 800 Hz in the tem-
perature range of 18e880С. The magnetic properties of the sam-
ples were investigated using a vibrating sample magnetometer
(VSM, Lake Shore 7407) with the maximum field of 17 kOe, as well
as in high pulsedmagnetic fields with the strength of up to 210 kOe.
The scanning-electron microscopy and EDS were performed by
using a microscope Quanta 200.
3. Results and discussion
Fig. 1(aed) demonstrate the microstructure of the cast
(Sm1exZrx)(Fe0.92Ti0.08)10 alloys. Chemical compositions of theFig. 1. SEM microstructures of the cast (Sm1exZrx)(Fe0.92Ti0.08phases determined by SEM/EDX method are listed in Table 1. The
composition of the main phase (А) in all alloys is close to the
stoichiometry of 1:12. The temperature dependences of the mag-
netic susceptibility c(Т) (Fig. 2(a, b)) have a peak in the vicinity of
the Curie temperature of 316 С.
With increasing х, the Zr content in the 1:12 phase increases,
whereas the ТС values decrease. However, Zr introduced into the
alloy is localized not only in the 1:12 phase but partially in addi-
tional phases. The alloys with х ¼ 0 and 0.1 contain, along with the
main 1:12 phase, a small amount of dark inclusions (B) of the
Fe2þdTi/Fe2þd(Ti,Zr) phase which has a wide homogeneity region.
The size of these inclusions is about 10 mm. Refractory inclusions of
Fe2þdTi/Fe2þd(Ti,Zr) solidify at a temperature above 1400С. After
the subsequent cooling, the liquid enriched in samarium, in which
the inclusions are immersed, solidifies with the formation of re-
gions (С) composed of the Sm(Fe,Ti)z/(Sm,Zr)(Fe,Ti)z phases of the
alternating composition with 3 < z < 8.
The microstructure of the alloys with х  0.2 is shown in
Fig. 1(c and d); it contains the eutectic phase (D), the volume
fraction of which can be up to 40%. In the ternary Sm-Fe-Ti
alloys, the eutectic can form as a result of the complex transition
L / a-Fe þ Sm(Fe,Ti)12þFe2Ti28 at the Sm content less than that of
our alloys (х ¼ 0 and 0.1). The decrease in the Sm content due to an
increase in the Zr content causes the formation of the eutectic. The
alloy with х ¼ 0.3 contains additional amount of the primary
crystals of a-Fe (Е), which can be judged by an increase of its
contribution into c(Т) (ТС z 770С, Fig. 2(d)).
After homogenizing annealing at 1050С for 15 h, the alloys
become virtually single-phase. Fig. 3 presents the results of mea-
surements of the specific magnetization for the magnetically
aligned powders with х ¼ 0 and 0.3 and their hydrides, the size of
particles being less than 40 mm. The measurements were carried
out along sjj and perpendicular s⊥ the axis of alignment. The
coercivity of the powders oriented along the texture axis does not
exceed 0.25 kOe. The saturation magnetization ss has been ob-
tained by extrapolation of sjj vs 1/H2. The anisotropy field Ha have
been derived as described elsewhere.29 The data on the ss and Ha)10 alloys: (a) x ¼ 0; (b) x ¼ 0.1; (c) x ¼ 0.2; (d) x ¼ 0.3.
Fig. 2. Temperature dependences of magnetic susceptibility c(Т) of cast alloys (aed), as-spun ribbons (eeh), and ribbons annealed at 800 C, 10 min (iel).
Fig. 3. Magnetization curves of aligned powders of Sm1exZrx(Fe0.92Ti0.08)10 alloys and their hydrides at room temperature.
Table 2
Data on the specific magnetization and anisotropy field for the Sm1exZrx(Fe0.92Ti0.08)10 powders prior to and after hydrogenation.
Powder x ¼ 0.0 x ¼ 0.1 x ¼ 0.2 x ¼ 0.3
ss (emu/g) Ha (kOe) ss (emu/g) Ha (kOe) ss (emu/g) Ha (kOe) ss (emu/g) Ha (kOe)
Without H2 122 140 121 136 117 129 116 125
With H2 127 170 125 162 124 145 123 136
A.G. Popov et al. / Journal of Rare Earths 37 (2019) 1066e10711068are given in Table 2. The value of Ha for х ¼ 0 agrees well with the
earlier published data22,23,26 and insignificantly decreases with
increasing concentration of Zr, according to the data of Ref. 21. Afterhydrogenation, the values of ss of powders grow by 5%, on average,
whereas increment of Ha gradually decreases from 30 to 11 kOe as x
increases from 0 to 0.3, respectively.
Fig. 4. XRD patterns of as-spun ribbons Sm0.9Zr0.1(Fe0.92Ti0.08)10 (a) and
Sm0.7Zr0.3(Fe0.92Ti0.08)10 (b).
Fig. 5. XRD patterns of the Sm(Fe0.92Ti0.08)10 (a) and Sm0.7Zr0.3(Fe0.92Ti0.08)10 (b) rib-
bons annealed at 800 C 10 min, and Sm0.7Zr0.3(Fe0.92Ti0.08)10 after additional hydro-
genation (c).
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in Fig. 2(e, f), the as-spun ribbons with х ¼ 0 and 0.1 contain several
phases: amorphous phase with the TС ¼ 64 C, disordered phase
with the TbCu7-type structures with TС ¼ 203 C,30 and a-Fe with
ТСz 770 С. Fig. 4(a) shows the X-ray diffraction patternmeasured
on a ribbon with х ¼ 0.1 at room temperature where amorphous
halo and broadening of the reflections of the TbCu7-type struc-
ture31 and a-Fe are also observed. The melt-spinning at the speedTable 3
Phase composition and lattice parameters of particular melt-spun ribbons.
x (Zr) Heat treatment Phase composition
0 800 C, 10 min 1:12
a-Fe
0.3 800 C, 10 min 1:12
a-Fe
0.3 800 C, 10 min þ 200 C, 5 h in Н2 1:12
a-FeVs ¼ 30 m/s suppresses the ordering of the Fe(Ti) atomic pairs,
which results in the formation of the disordered TbCu7-type
structures instead of the ThMn12 one. The volume fraction of the
disordered phase in these ribbons reaches 20%. The XRD mea-
surements allowed us to conclude that the as-spun ribbons with х
 0.2 are fully amorphous. This is evidenced by only one maximum
in the c(Т) dependences of the alloys with х ¼ 0.2 and 0.3 in
Fig. 2(h, g), respectively, and the existence of a broad halo in the
diffraction pattern of the ribbons with х ¼ 0.3 (Fig. 4(b)). The for-
mation of the eutectic in the as-cast alloys favors the formation of
amorphous state in the melt-spun ribbons with х  0.2.
All of the c(Т) curves of the melt-spun ribbons annealed at
800 C for 10 min (Fig. 2(i e l)) show two distinct magnetic transi-
tions at the points TС of the 1:12 and a-Fe phases. The TС values of
the 1:12 phase of the annealed ribbons are by 40e50 C lower than
that of the same phase in the initial cast alloys. Besides, with
increasing х, TСof the 1:12 phase in themelt-spun ribbons decreases
faster than in the cast alloys. It can be caused byan insufficient order
of the dumbbell pairs of FeeFe(Ti) in the 1:12 structure and an in-
crease in the Zr solubility in the 1:12 phase of the annealed ribbons.
The X-ray patterns of the annealed ribbons with x ¼ 0 and 0.3,
which are demonstrated in Fig. 5(a, b), also prove the existence of
the tetragonal 1:12 phase and a-Fe. Approximately 1% of the Fe2Ti
phase was found in the annealed ribbons with x ¼ 0.3 (Fig. 5(b)).
After the annealing and additional hydrogenation, the melt-spun
ribbons with x ¼ 0.3 have the same phase composition (Fig. 5(с)).
The volume fraction and lattice parameters of the phases of
Sm1exZrx(Fe0.92Ti0.08)10 samples are listed in Table 3. The average
grain size measured from XDA decreased from 84 ± 5 to 68 ± 5 nm
with increasing x from 0 to 0.3, respectively.
An increase in the Zr content gives rise to the volume fraction of
the a-Fe. The substitution of a Sm atomwith a radius of 0.1822 nm
by a Zr atom with a radius of 0.1602 nm results in the decrease of
the lattice parameters a and c of the 1:12 phase. The hydrogenation
of the annealed ribbons leads to the opposite result. Interstitial
hydrogen atoms at sites 2b of the 1:12-phase crystal lattice of the
ribbons with х ¼ 0.3 enlarge the unit cell in volume by 1.7%.
In Fig. 6, the microstructure of fractures of the ribbons with
x¼ 0.2, both as-spun and annealed at 850 C 10min, are shown. The
fracture of the amorphous ribbon shown in Fig. 6(a) is likely to occur
at colonies of the dendrites. Fig. 6(b) shows the granular structure of
the annealed ribbons with the average grain size of about 1 mm.
Fig. 7 demonstrates the demagnetization curves of the
Sm1exZrx(Fe0.92Ti0.08)10 ribbons, both as-spun and annealed at
800С for 10 min. Immediately after the melt spinning, the coer-
civity of the ribbons is low. The value of maximal specific magne-
tization measured in the field of 17 kOe (s17) decreases win
increasing x. The quasi-crystalline as-spun ribbons with x < 0.2
obviously fail to reach saturation at 17 kOe. The amorphous ribbons
with x  0.2 tend to become magnetized easier. Increasing the
annealing temperature up to 700С results in the structural tran-
sitions from the disordered TbCu7-type phase and from the amor-
phous phase into the hard magnetic 1:12 phase. As is shown inPhase-volume fraction Lattice parameters

























Fig. 6. SEM micrographs of fractured surface of as-spun (a) and annealed at 850 C, 10 min (b) Sm0.8Zr0.2(Fe0.92Ti0.08)10 ribbons.
Fig. 7. Demagnetization curves of the as-spun (a) and annealed at 800 C, 10 min (b) Sm1exZrx(Fe0.92Ti0.08)10 ribbons.
Fig. 8. Concentration dependences of specific magnetization measured in a field of
17 kOe s17, remanence sr and coercivity of the Sm1exZrx(Fe0.92Ti0.08)10 ribbons
annealed at 800, 850 and 900 C for 10 min.
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100 nm. The coercivity starts drastically increasing. In Fig. 7(b), the
demagnetization curves of the ribbons annealed at 800С for
10min are shown. The values of s17 fall in the range from 100 to 103
emu/g. In comparison to the as-spun ribbons, these values are
decreased for the ribbons with x < 0.2 and increased for ribbons
with x  0.2. This is likely to be ascribed to the above-described
structural transitions from the disordered TbCu7-type phase and
from the amorphous phase into the hard magnetic 1:12 phase.
Since the easy-magnetization axes of the nanocrystalline grains of
the high-anisotropy 1:12 phase are randomly oriented, the mag-
netic saturation cannot be reached in the field of 17 kOe. The ratio
of the residual specific magnetization to the saturation magneti-
zation, sr/ss, for the samples with x¼ 0.1e0.3 makes up 0.55, which
indicates that in these nanocrystalline ribbons, the remanence is
enhanced due to the intergrain exchange coupling. The coercivity of
the ribbons annealed at 800 С increases up to about 4 kOe.
Fig. 8 shows the dependences of the parameters of the
demagnetization curves on the Zr content and annealing temper-
ature. The maximal specific magnetization measured in a field
17 kOe (s17), and remanence sr weakly depend on the Zr concen-
tration and gradually decrease with increasing annealing temper-
ature from 800 to 900 С. The maximal value of Нс ¼ 4.7 kOe was
found for the ribbons with х ¼ 0.2 annealed at 850 С within
10 min. The appearance of a maximum in the dependence Нс(х) is
traceable to the presence of two factors that affect oppositely on
increasing Zr concentration. They are the decrease in the grain size,
which increases the coercivity, and the decrease in the anisotropy
field, which results in its lowering.It was established that the values of ss and Ha of the textured
powders Sm1exZrx(Fe0.92Ti0.08)10 increased after hydrogenation. In
view of this fact, in order to enhance Нс, the ribbons annealed at
Fig. 9. Comparison of dependences of specific magnetization s17, remanence sr and
coercivity of Sm1exZrx(Fe0.92Ti0.08)10 ribbons annealed at 800 С on Zr content before
and after hydrogenation.
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Fig. 9 demonstrates that after hydrogenation the magnetic-
hysteresis properties enhance for the entire range of Zr concentra-
tions. For instance, at х ¼ 0.2, the values of s17, sr and Нс increase on
the average by 4%, 7% and 54%, respectively. If the properties of this
nanocrystalline rare-earth-lean alloy could be reproduced in a three-
dimensional bulkmagnet, the latterwould exhibit a remanence Br of
6.2 kG and a maximum energy product (BH)max of 6.1 MGOe. Un-
fortunately, the absence of texture in these alloys does not allow an
increase in the magnetic hysteresis properties to be gained.
4. Conclusions
The cast (Sm1exZrx)(Fe0.92Ti0.08)10 alloys contain themainThMn12-
type phase, Fe2Ti, and (Sm,Zr)2(Fe,Ti)17 inclusions. With increasing x
up to 0.2, a eutectic structure was observed in the micrographs. At
x < 0.2, the as-spun (Sm1exZrx)(Fe0.92Ti0.08)10 ribbons consist of a
mixture of amorphous, disordered TbCu7-type and a-Fe phases. The
amorphous phasewas detected only in the ribbonswith x 0.2. After
the annealing, all ribbons contain the tetragonal ThMnl2 phase and a-
Fe. The specific saturationmagnetization ss and anisotropy fieldHa of
the magnetically aligned (Sm1exZrx)(Fe0.92Ti0.08)10 powders insignif-
icantly decrease with increasing concentration of Zr. After hydroge-
nation, the valuesofss andHa of thepowdersgrowup. Thevalues ofss
increase by 5%, on average, whereas increment of Ha, gradually de-
creases from30 to11kOe as x increases from0 to0.3, respectively. The
specific magnetization measured in a field of 17 kOe s17 and rema-
nence sr of the annealed ribbons weakly depend on the Zr concen-
trationandgraduallydecreasewith increasingannealing temperature
from 800 to 900 С. The maximal value of coercivity Нс ¼ 4.7 kOe is
found in the spun ribbons with х ¼ 0.2 after the annealing at 850 С.
After hydrogenation the coercivityof all annealed ribbons is increased
by 40%e60%.
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